We present and discuss a set of systematic measurements, carried out with gaseous proportional micro-pattern detectors, in order to assess their maximum gain when irradiated with high-rate soft X-rays and heavily ionizing alpha particles. The inventory of detectors tested includes: micro-strips, micromegas, micro-dot, gas electron multiplier, CAT (compteur a`trous), trench (or groove), micro-CAT (or WELL) detectors, as well as systems with two elements of gaseous amplification in cascade. We confirm the general trend of all single-stage detectors to follow Raether's criterion, i.e. a spontaneous transition from avalanche to streamer, followed by a discharge, when the avalanche size reaches a value of a few 10; a noticeable exception is the micro-dot counter holding more than 10. In multiple structures, where the gain is shared between two devices in cascade, the maximum overall gain under irradiation is increased by at least one order of magnitude; we speculate this to be a consequence of a voltage dependence of Raether's limit, larger for low operating potentials. Our conclusion is that only multiple devices can guarantee a sufficient margin of reliability for operation in harsh LHC running conditions.
Introduction
Triggered by the invention, ten years ago, of the micro-strip gas chamber (MSGC) [1] , during the last decade a new generation of fast, performing gas detectors has emerged, relying for manufacturing on more or less sophisticated photo-lithographic patterning technologies. A non-exhaustive list of such innovative devices includes the micro-gap [2] , micro-dot [3] , "compteur a`trous" (CAT) [4] , small gap [5] , micromegas [6] , gas electron multiplier (GEM) [7] , micro-CAT [8] , micro-groove and WELL detectors [9, 10] . For a recent review see for example Refs. [11, 12] . All these devices, here collectively named micro-pattern detectors, share a common characteristics setting them aside in behavior from multiwire counters: a high electric field extends over a large fraction or all of the gap between anodes and cathodes, generally very narrow (few tens to few hundred m), and in most cases high field singularities also exist close to the cathode surface.
The presence of a high field on cathode edges limits the maximum voltage that can be reached in MSGCs, even in absence of radiation, due to spontaneous field emission [13] . It has been observed that under high irradiation rate and/or exposure to heavily ionizing tracks, occasional transitions from proportional avalanche to streamer occur at high operating voltage, most of the times followed by a discharge, harmful and often fatal to the delicate structures and readout electronics. Proximity of the electrodes to an insulating or slightly conducting support, with the ensuing surface field enhancement and dynamic charging-up, appears to aggravate the situation [14, 15] .
Early observations of a reduction in the maximum operating voltage for MSGC exposed to heavily ionizing tracks (5.6 MeV particles from Am) were reported by the authors of Ref. [16] . Probably due to the low rate and the limited size of the irradiated area, the reduction was moderate and appeared compatible with safe operation at the gains needed for detection of minimum ionizing particles (2-3;10) . A near catastrophic experience was however reported by the Heidelberg group testing large size prototype MSGCs in a mixed field beam, containing heavily ionizing nuclear fragments: many of the detectors did not survive the exposure, suffering irreversible damages attributed to discharges [17] . A similar, albeit less dramatic, negative experience was reported by the authors of Ref. [18] , who observed a continuous deterioration of performance and a decrease of operating voltage during several months of exposure to a high intensity beam. These, and other observations, have stimulated detailed studies of discharge mechanisms in micro-pattern detectors under controlled laboratory conditions [19] [20] [21] [22] , as well as encouraged the search for structures sturdier than the fragile standard MSGCs [23] . At the same time, it encouraged the development of innovative devices possibly capable of a more reliable operation. This paper describes systematic measurements carried out on a representative inventory of recently introduced micro-pattern detectors, exposed to radiation as close as possible to the real operating conditions.
Transition from avalanche to streamer
The complex physical processes leading to the transition from a proportional avalanche multiplication to a streamer, and to the ensuing discharge, have been a classic subject of study and are discussed in many textbooks [24] [25] [26] . A mathematical model describing the avalanche development and the transition from proportional avalanche to streamer has been developed for the particular case of a uniform electric field [27] . More recently, the subject has been analyzed in parallel plate chambers, both experimentally and theoretically [28, 29] . The major outcomes of the studies can be summarized as follows. While at low gas pressures secondary feedback mechanisms involving photons and ions are significant (and can lead to the socalled slow breakdown), at pressures close to atmospheric the dominant mechanism of discharge is a fast, photon-mediated transition from proportional multiplication to streamer, followed by breakdown. Detailed simulations of the time development of the avalanche and of the streamer have been performed; the results match qualitatively rather well the observations. The general conclusion is that when the total charge in the avalanche exceeds a value in the range between 10 and 10 electron-ion pairs, the so-called Raether limit, the enhancement of the electric field in front and behind the primary avalanche is such as to induce the fast growth of secondary avalanches, and the appearance of a long, filament-like forward and backward charge propagation named streamer. In a uniform, strong electric field, the streamer propagates all the way through the gap. The outcome of the process is the creation of a densely ionized, low-resistivity channel between anode and cathode, inevitably leading to discharge; the onset of the process is very fast, few tens of ns, hence the name of fast breakdown. The observed early failure induced by heavily ionizing tracks is then the obvious consequence of the large avalanche size reached with even moderate multiplication factors. It was obscure however, and it is still rather unclear today, why a high flux of low specific ionization radiation (such as soft X-rays) induces a similar transition.
In a typical thin-gap gas counter, exposure to particles from an external source of heavily ionizing radiation (such as particles) results in the deposition of &10 pairs per cm; one would expect the Raether limit to be reached at gains between 10 and 10, as indeed observed. This is within the range of gains required to gas devices in order to detect minimum ionizing particles, and is a direct outcome of the signal to noise features offered by modern highly integrated fast electronics, combined with the high rate requirements demanding a narrow sensitive gap that can be quickly cleared from the charge produced in the avalanches. The margin between the voltage required for efficient detection of relativistic particles, and the appearance of discharges in the presence of a high flux of heavily ionizing background is therefore small, if any, and depends critically on the choice of the operating parameters, as well as on the composition of the radiation field. This has motivated the resurgence of detailed studies on the subject by many groups developing modern fast micro-pattern detectors.
It should be recalled that in multiwire proportional chambers and derivatives, having a high electric field around the thin wires but well below the critical values for multiplication in most of the remaining volume, a transition from proportional to streamer regime is also observed at high voltages, but in most cases the streamer propagation stops in the decreasing field well before reaching the cathode. The limited streamer regime has been widely exploited for obtaining conveniently large signals in wire counters [30] and has as sole shortcoming a modest rate capability.
Previous observations with micro-pattern detectors
The appearance of discharges on approaching some critical voltage is a permanent struggle with gas proportional counters, and has been intensively studied for many detector designs and in a wide range of operating conditions aiming at the optimization of performances.
Three major mechanisms leading to the onset of a discharge can be distinguished:
(a) Spontaneous breakdown, in absence of radiation, above a critical voltage. This appears to be geometry and position-dependent, particularly in micro-pattern detectors, revealing the essential role of the manufacturing quality and of local defects. An example of distribution of discharge voltage in absence of radiation across a micro-strip chamber is shown in Fig. 1 [31, 32] . For the measurement, realized with a 10;10 cm MSGC plate with thin chromium anode and cathode strips at 200 m pitch manufactured on diamond-like coated glass [33] , groups of 16 strips were sequentially activated with all others left floating; each entry in the histogram represent the discharge voltage threshold for one group. The range is rather wide, a typical feature of MSGCs, due to manufacturing imperfections and/or presence of unsolicited residues introduced during assembly. The overall performance of the plate is obviously determined by the worst groups, discharging at a gain around 10, while most of the remaining area would permit gains almost an order of magnitude higher to be reached. Usually, only a few strips are found to be defective within the group, and can be disconnected from operation; this is often done to improve the general behavior of the detector. It can also be seen that, with a suitable selection of the active area, a wide range of performances can be covered; this clearly demonstrates the advantages and dangers intrinsic in the exposure to radiation of small areas only to characterize a detector.
(b) Rate-induced breakdown. Contrary to classic multiwire chambers, where the outcome of a high counting rate is to reduce the gain, due to the field modification induced by accumulating positive ions, in high-rate micro-pattern devices the most important effect of rate is a reduction of the maximum operating voltage due to the onset of discharges. Given the very fast clearing of ions in the small gaps and high fields typical for the devices (few s), simple arguments relying on a charge built-up due to the overlap of avalanches do not Provided by C. Besch, Heidelberg University. seem to hold, and the physical reasons for the rate dependence of the discharge point are still subject of speculations. Some authors have suggested the presence of long-lived excited states produced in the gas or, according to recent evidence, more likely on the electrode surface [34] .
Because of the irreversible damaging effects of discharges on thin anode strips, scanty data exist on the rate dependence of the maximum voltage that can be reached in MSGCs. Recent measurements indicate a decrease of the maximum gain, as compared to the low-rate value, by a factor of around two at 10 Hz/mm [35] . Similar results have been obtained with a micro-gap chamber [22] . Both measurement were realized exposing a small (few mm) area of the detectors to a collimated 6 keV X-ray beam.
Systematic exposure of individual groups of strips, covering one at a time the whole active area of a MSGC, exhibits also a position-dependent discharge voltage under high-flux continuous irradiation ( Fig. 2) [31] . By comparison with Fig. 1 , one can see that the average maximum voltage under strong irradiation is decreased by around 50 V, with a corresponding decline of the useful gain. The maximum gain for the full device is of course determined by the worst group; even inhibiting several strips in the particularly bad groups, the average gain before discharge does not exceed a few thousand, quite a marginal value for efficient detection of minimum ionizing particles.
(c) Heavily ionizing tracks. Exposure to particles with high ionization power results also in a considerable decrease of the maximum safe operating voltage. Various methods have been used to characterize this process, and will be described in the next section. The plot in Fig. 3 (deduced from unpublished data of the Heidelberg group) shows the discharge probability, defined as the fraction of signals with exceedingly large amplitude, as a function of cathode voltage for a MSGC exposed to an internal Rn emitter. The detector was a 10; 10 cm device manufactured with chromium strips on a diamond-like coated glass with reduced surface resistivity (&10 /square). Fig. 4 shows measurements realized at CERN with the MSGC described in Ref. [36] , similar in construction to the previous, and exposed locally to an external Am source. In both measurements, the discharge threshold is met at a gain between 2 and 3;10.
In a recent work, the authors of Ref. [32] have compared the performance of a standard MSGC, alone and with the addition of a gas electron multiplier as pre-amplifying stage, under identical conditions of irradiation. The results of the simultaneous exposure to a high X-rays flux (&10 Hz mm\) and to the internal source are summarized in Fig. 5 , providing the distribution of discharging groups as a function of the MSGC cathode voltage, as well as the corresponding gain curves (measured at low rates) without and with a moderate added pre-amplification (by a factor of 50). Remarkably, the MSGC discharge voltage is almost independent of the GEM gain, resulting in a considerable increase of the safe gain for the cascaded operation. Even including a group seriously damaged during the study (indicated by the arrow), the operation at gains up to ten thousand is still possible. This observation has led to the adoption of the MSGC#GEM technology by the HERA-B experiment [17] .
Experimental set-up and procedures
All measurements reported here on various detectors have been performed as far as possible in identical conditions and, whenever allowed by the size of the detector, exposing to radiation similar active volumes; in all devices, the thickness of the sensitive gap (the conversion and drift volume) was around 3 mm. We have used for this purpose CAEN N471A high-voltage modules with 1 nA sensitivity.
After powering the device and a verification of a correct behavior with the help of low intensity sources, the following steps were performed:
(a) Absolute gain calibration. Exposing a limited area of the detector to a constant and uniform flux of X-rays from a generator, the anode and cathode currents are recorded in a wide range of operating voltages. In multiple electrode devices, as for example the double GEM detector, the current is measured also on the additional electrodes. For the (grounded) anode, the current I is derived from the potential drop on a high value load resistor, while for the powered electrodes it is directly provided by a reading on the HV units. Subsequently connecting the anodes (usually wide groups of strips) to an amplifier and to a low threshold discriminator, the corresponding counting rate R is measured. The absolute anodic gain is then computed as
where E /w is the number of ion pairs released in the gas by each X-ray conversion (&220 for 6 keV), and e the electron charge. The expression provides the effective, or usable gain, contributing to the signal detection; in GEM structures, the real gain can be larger by an amount that depends on the applied fields, but does not exceed about 20% in normal operating conditions [37, 38] .
(b) Full volume X-ray irradiation. Placed at a convenient distance (&50 cm) from the X-ray generator, the active area of the detector is irradiated with a roughly uniform radiation flux. A thick brass absorber with an opening adjusted to the detector size (&80 cm for the 10;10 cm devices) is placed in front of the detectors to prevent possible edge problems. The flux uniformity, measured Fig. 4 . Large signals (precursors) probability observed in a MSGC exposed to an external source by the CERN group.
In the form of a mesh used for light enhancements in gas flame lamps (Welsbach mantle).
independently with the help of a small collimator, is better than 10% over the irradiated area; the value of the flux is deduced from the measured currents and the known absolute gain (see above). For each setting of the X-ray flux, the detectors' operating voltage is increased progressively, recording the anodic current, until instabilities or discharges are encountered.
(c) Exposure to heavily ionizing particles. Opening the gas flow to a bypass containing a thorium oxide compound, the mixture is enriched with radon Rn whose main decay mode (with 54 s lifetime) produces particles of 6.4 MeV. Depending on the distance from the generator, the gas flow and the detector geometry, we record between a few and a few tens decays/s and cm of active volume. The pulse height spectrum directly recorded at moderate gains on a wide group of anodes, without an electronic amplifier to avoid saturation, is shown in Fig. 6 ; the energy scale has been (approximately) calibrated by comparison with the charge detected on soft X-rays. The spectrum has a peak around 500 keV, and an exponentially decreasing tail extending to several MeV.
In all measurements, the most delicate issue is the definition of the discharge limits and rates. As indicated in the previous section, several methods have been used by different authors and a comparison of results is not always straightforward. For the present study, we have adopted the rather extreme position of defining a discharge as an event causing an overload of the current-limited power supplies, set at a threshold of about ten times the average normal current, with the consequent temporary inhibition of the detected normal signals. To avoid damages due to sustained discharges, a dead time of several minutes has been built-in after each discharge before restoration of the voltages. Despite its roughness, this definition of discharge is in fact the closest to represent the practical limits in the use of a detector. To avoid distortions caused by the power supply recovery time, and also possible damages to the more delicate structures, the measurement is suspended when the discharge rate exceeds a few counts per minute. We have verified that this definition gives results virtually coinciding with those obtained with the alternative method of counting pulses exceeding a pre-set large threshold, or precursors, typically an order of magnitude higher than the largest normal signals.
In most detectors, we have observed a rather sharp transition from the condition of no discharge to the onset of instabilities; with reference to Fig. 4 , one may define as "discharge limit" the voltage just below the first non-zero count (580 V in the figure) , and "maximum gain before discharge" the corresponding value of gain. In most plots, this value is indicated by a dashed vertical line. Note however that, in view of the very low discharge rate often recorded at the lowest voltages, these indicative values depend on the time allowed for each measurement, and a complete discharge probability curve such as those shown is a more realistic representation of the process.
Experimental results
Systematic measurements of discharge limits under high-flux X-ray exposure and internal decays have been performed with a collection of recently developed detectors; Table 1 provides schematics and summary of parameters for the devices tested. Some of the detectors were built at CERN, others were provided by collaborating institutions, as indicated later in the text. Whilst we have attempted to operate all detectors in similar conditions, sometimes this was not possible or desirable; for example, the active volume for some devices (e.g. the micro-dot) was considerably smaller, and the filling gas (a mixture of argon and carbon dioxide for all GEM-based devices) was changed to use Produced by Alenia, Italy, and provided by IIHE ULB-VUB Brussels.
mixtures preferred by the developers of the microdot, micromegas and the advanced passivation MSGC. In general, a wider investigation on the effect of the gas choice on the performance of the detectors would be desirable; however, measurements with GEM in different mixtures (argon with carbon dioxide, argon-DME and neon-DME, see later) yielded essentially the same results. Also, taking into account the previous discussions on the non-uniformity of response, some variability in the results may have been introduced by the uneven quality of the detectors themselves. In comparing the measurements, one should consent to a spread, within the same class of devices, of perhaps a factor of two in the observed values of limiting gain. Nevertheless we consider that the major conclusions of this study are general enough to be only marginally affected by this variability.
Micro-strip gas chamber: standard
Measurements with this device have already been reported, and have not been repeated;
Figs. 1-4 provide a summary of previous results. One should note that a discharge in the delicate MSGC structures often results in permanent damage, affecting the performances of the detector; this is particularly true if a low melting point metal such as gold is used for the strips. The outcome of the measurements depends, more than with any other, on the previous history of the device.
Micro-strip gas chamber: advanced passivation
A technology for protecting the cathode strips edges with a thin polymide coating has been recently developed, with the aim of increasing the voltage required for the onset of discharges [20] . We have tested a 10;10 cm MSGC plate with the so-called advanced passivation, manufactured with gold strips on a support coated with a thin layer of electron conducting glass. The operating Table 1  The tested Gain as a function of cathode voltage, measured at low rates in a MSGC with advanced passivation, and discharge probability under exposure to the internal source (gas filling: neon-DME 40-60).
conditions were those recommended by the authors: a high value of drift field (3.7 kV on 3.3 mm) and a gas filling of neon and dimethylether in the approximate proportions 40:60. The detector was irradiated with a collimated high flux of X-rays (&2 ) 10 Hz mm\ over 2 mm) measuring the anode current; the results, Fig. 7 , show indeed that rather high gains, close to 10, can be reached. When exposed however to the internal source, the detector suffers from a considerable decrease in the maximum voltage before discharge, as shown in the figure. At a gain of 1700, the nominal value for full efficiency in the CMS detector [39] , reached in our test at a cathode voltage of 530 V, the discharge probability is 0.4%, actually larger than the one observed at the same gain in standard MSGCs (Figs. 3 and 4) .
Our results contradict the observations of the authors of Ref. [20] , who found a much higher limit of alpha-induced discharge in nominally identical conditions. It should be mentioned, however, that the MSGC plate used had some previous history, and about 20% of the anodes had been disconnected, being shorted or discharging; we intend to repeat the measurements with a virgin plate when available. Nevertheless, the fact that in presence of a low radiation flux the active part of the detector could safely hold more than 620 V is a clear indication of the fundamental physical nature of the charge-induced discharge process, and of the ineffectiveness of the advanced passivation in preventing the transition. To confirm our observation, at the end of the exposure the detector was flushed clean and powered again (after floating several damaged strips); at 580 V, no discharge was observed in a 10 h long run, confirming the role of the ionizing tracks in inducing discharges.
Gas electron multiplier: standard
Many exposures have been carried out with GEM devices, covering a wide range of drift and induction fields; they provided similar results, and only the most significant is reproduced here. All GEM meshes were of the most recently developed high-gain model, produced with a double mask processing and having quasi-cylindrical holes 80 m in diameter at the metal sides [37, 40] . As a filling gas we have used argon-CO in the 70:30 vol.%, a convenient mixture for the use in large detectors, even though certainly not the best for obtaining high gains [32] . Fig. 8 shows, as a function of GEM voltage and at increasing rates, the current measured on a group of anode strips (covering 100;5 mm) whilst irradiating the whole active area of the detector with X-rays. The scale on the right provides, for the lowest curve, the corresponding values of effective gain. The gain curves are exponential and parallel within the errors, demonstrating the excellent rate capability of the GEM detector. The last point on each line corresponds to the voltage value reached just before discharge, and the dashed curve represents the boundary for stable operation. The maximum stable gain, around 8000 at low rates, is reduced by a factor of two at a flux of 10 Hz mm\ over the whole active area.
In Fig. 9 , one can see the effect of adding the internal emitter; gain and discharge probability are given as a function of GEM voltage. Realized with a higher field in the induction gap, the gain curve is slightly shifted, compared to the previous, to lower voltages, due to the increased collection efficiency [37] . Stable up to a gain of about 1500, the detector exhibits a low but quickly increasing rate of discharges above that value.
Several attempts have been made to improve the maximum gain with a different choice of the gas mixture, having a priori better quenching properties than Ar-CO . While moderately larger gains could indeed be obtained, for example in DMErich mixtures, the gain at discharge on exposure to heavily ionizing tracks appears to be almost invariant. As an example, Fig. 10 shows the results obtained with neon-DME, a mixture reported to permit high gains in MSGCs due to a strong suppression of photon emission in the avalanches [41] . As before, a fast increasing -induced Fig. 9 . Effective gain and discharge probability on the internal source obtained with the GEM detector with an argon-CO gas filling. discharge probability at gains above 1500 is observed.
Gas electron multiplier: conical
The characteristics of GEM devices with conical holes, conveniently manufactured with a singlemask processing, have been described before [40] ; because of peculiarities in their performances (a more pronounced charging-up, and limitations to the values of external fields) they have not yet been used extensively.
We have employed for this measurement a gainlimited early prototype, with rather wide hole diameters of 90 and 45 m on the two sides respectively. Fig. 11 summarizes the behavior of a conical GEM with PCB readout, mounted in two configurations: electrons drifting from the narrow to the wide side (N-'W) and the reverse (W-'N). As expected for this design, the maximum gain that can be reached at low irradiation rates is moderate. The internal emitter reduces this gain further, with a slight preference for the N-'W configuration (gain 2000 as against 1000 before discharge). Because of the different field configuration and charge sharing in the two configurations, the real gains at discharge (as against the effective ones shown in the figure) are actually rather close.
Micro-CA¹ (or ¼E¸¸) detector
Recently introduced, the Micro-CAT [8] , microgroove [9] and WELL [10] detectors are in fact variants of the original CAT device [4] , realized with the more sophisticated etching technologies developed for GEM. We have manufactured a WELL device replacing the open holes on the back side of a standard GEM with collecting strips constituting anodes for the multiplying structure. The response of the detector under irradiation is shown in Fig. 12 ; the maximum operating voltage before discharge corresponds to a gain of 2000. Note that in this device, and unlike the standard GEM detector, all the avalanche charge is Fig. 10 . Effective gain and discharge probability with the internal source observed with the GEM detector in neon-DME.
Manufactured by EURYSIS Measures, France and provided by ULB Bruxelles. collected, and the effective and real gains coincide; nevertheless, because of the ballistic deficit intrinsic in devices operated in the avalanche mode, the signal detected by a fast amplifier on the anodes is actually smaller.
Micromegas
To realize this measurement we have obtained a commercial device already extensively tested. In order to get consistent results, the filling gas was argon-isobutane in the 90:10 vol.%, as recommended by the providers. Fig. 13 summarizes the results of the exposure to an increasing X-ray flux, and Fig. 14 shows the response to the internal emitter. All X-ray measurements were realized irradiating most of the active area, with the exception of the highest rate where the exposed area was reduced to 64 mm to elude problems due to the potential drop on protection resistors. In agreement with the original observations [6] , very high gains could be achieved, even though adecrease in maximum gain is observed at the highest rates.
Remarkably however, and much as in all previously described devices, introduction of the Rn emitter reduced the maximum gain before discharge at a value around between 2500 and 3000. Note that, while the mechanical structure of the detector is impervious to damage due to discharges, this may not be the case of the sensitive electronics used for the readout of signals on the anode strips, particularly in view of the large capacitance of the detector.
Micro-dot chamber
The micro-dot tested was a small size standard device developed and provided by the Liverpool group [3, 42] . Consisting of individual anodic dots, 24 m in diameter, centered in a double annular Fig. 11 . Effective gain and discharge probability with the internal source for two configurations of the conical GEM detector. Fig. 12 . Effective gain and discharge probability with the internal source for the micro-CAT or WELL detector.
Post-mortem optical inspection revealed marks of discharge damage at known weak edge points. structure (a cathode and an intermediate field ring), the detector was active only over a small area (3.6 cm) with all anodes interconnected, and was operated, as recommended by the authors, with an argon-dimethylether 70:30 mixture, and at a moderate drift voltage (1.2 kV over 3 mm). Fig. 15 shows the excellent gain characteristics, as a function of cathode voltage, measured at an X-ray flux around 10 Hz/mm. Remarkably, and in opposition to all other devices tested, introduction of the emitter did not result in any sign of discharge, up to gains of 10; at this point, and short of reaching 2;10, a fatal breakdown resulted in the destruction of the detector. Observation of the output signal at the highest gain revealed no sign of abnormally large pulses due to streamer transitions or discharge precursors; the energy spectra for the Rn source shown in Fig. 5 were actually obtained by direct connection of the micro-dot grouped output to a pulse height analyzer. This suggests that the low field at the cathode surface and the intermediate field ring act as an effective stop against the formation and propagation of streamers; a better understanding of this feature is certainly very interesting also to try and improve other devices.
Cascaded detectors: MSGC#GEM
Operating characteristics of the detector obtained adding a GEM pre-amplification element to a micro-strip structure have been already discussed in Section 3; Fig. 5 provided an example of measurements made in previous studies [32] . The data show that the insertion of a moderate preamplification factor (&50 for the quoted measurement) does not significantly change the operational limits of the higher gain device (the MSGC); on exposure to high rates or heavily ionizing tracks, the discharge is observed at around the same voltage for the MSGC, providing therefore a comfortably higher safety margin. Several groups have confirmed these findings [22, [43] [44] [45] , and the MSGC#GEM device has been adopted for the HERA-B inner tracker after an extensive campaign of experimental exposures to different beam conditions [17, 46] .
Cascaded detectors: double GEM#PCB
The combination of two gas electron multipliers in cascade permits very large stable gains to be achieved; in good approximation, and taking into account the (small) transfer losses between the two elements, the overall gain is the product of the two [47, 48] . With a double-GEM device having the geometry described in Table 1 , we have measured at increasing X-ray fluxes the current on a group of anodes as a function of the voltage difference applied to the two GEMs. Due to the high values of gain and flux, and to limit the voltage drop on the protection resistors, for the higher fluxes the irradiated area had to be reduced to a few mm, and the data correspondingly normalized. As shown in Fig. 16 , the current measured on the charge-collecting anodes increases exponentially with the voltage applied to the second GEM, for fixed value of the first, and curves at increasing rates are parallel within the measurement errors, demonstrating the absence of surface or space charge distortions. Fig. 17 provides, for the highest irradiation rate (5;10 Hz mm\) the effective gain as a function of voltage applied to the multipliers; a gain well above 10 can be reached in a wide range of potentials, with a maximum up to 10. The dashed curve in the figure represents the discharge limit; considering the first GEM to act only as a variable charge injector, the trend of withstanding larger gains (larger amount of charge) when the second multiplier operates at lower potentials supports our presumption of a voltage dependence of the discharge limit. We have repeated the gain measurement with exposure of the detector to the internal source; in this case, only the upper boundary of stability before discharge has been recorded (Fig. 18) . The maximum gain is again reduced by an amount that depends on the gain sharing between the two multipliers; the optimum is an operation with close values of the voltage difference. For large offsets between the two, the characteristic limitations of a single GEM are found.
Conclusions and summary
This work describes the results of systematic measurements obtained with an exhaustive list of recently developed fast gaseous detectors, in order to assess their performances and reliability in the harsh operating conditions that will prevail in experimental set-ups at high luminosity colliders, namely the simultaneous presence of a high flux of relativistic charged particles and of rarer but heavily ionizing tracks. The general trend emerging from the study of single-stage devices is that, although they differ in the maximum gain reached in a low radiation environment, the difference tends to vanish with an exposure to a high flux of X-rays and to heavily ionizing tracks, emulated in this study by an internal alpha emitter added to the gas flow. In these conditions, a non-negligible probability of a transition from proportional avalanche to streamer followed by a discharge is observed at proportional gains between one and two thousand. A remarkable exception in this class of devices, the micro-dot detector seems to withstand the highest gains in such conditions.
Taking into account the measured ionization loss distribution (Fig. 6) , it can be inferred that the transition begins to occur when the average avalanche size exceeds a 2-3;10 electrons, close to the so-called Raether limit. The low discharge probability at the onset of the process, below one percent of the recorded particles counting rate, suggests that the transition is an outcome of statistical fluctuations on the avalanche formation, leading from time to time to what the authors of Fig. 18 . Effective gain as a function of voltages in the double GEM detector exposed to the internal source. The dashed line is the discharge limit.
Ref. [14] have appropriately named an "explosive" process. Additional experimental evidence of this type of process is discussed in Ref. [49] . In view however of the presence, in most of the described detectors, of high field regions around the edges of the cathode structures, imparting additional gain to electrons released there (albeit with small probability), it is not excluded that the transitions can be actually generated by tracks crossing these regions, a possibility discussed in Ref. [16] . The discharge probability increases exponentially towards higher gains, making the detector unusable and subject to irreversible damages. Attempts to use more quenched gas mixtures did not result in noticeable improvements; this is an indication of the fundamental, charge-density dependent nature of the discharge mechanism, as observed long ago in avalanche counters.
Indications of a dependence of the discharge limit on position and geometry suggest that a more thorough investigation on each device may lead to small, and hopefully cumulative, improvements.
The effect of the gas composition should also be examined, although in many cases mixtures considered optimal by the authors have been used. The robustness of some detectors, together with effective protection schemes to limit the damages induced by discharges, permit an albeit marginal operation in benign environments.
Sharing the amplification process between two cascaded devices, a GEM followed by a MSGC or by another GEM, results in a shift upwards by at least an order of magnitude of the maximum gain sustainable, both at high rates and under exposure to heavily ionizing tracks. This is an intuitive consequence of the fact that, given the overall gain, each device is operated at a considerably lower voltage; a possible explanation of the observation is in a voltage dependence of the Raether limit, higher for lower operating voltages. This conjecture is supported by measurements with the double GEM detector, in which the first multiplier is used as an injector of variable amounts of charge into the second.
An alternative explanation for the increased limit of divergence has been suggested by some authors (see Ref. [22] and references therein) as being a consequence of the reduction of charge density in the avalanche induced by the additional spread due to diffusion in the double devices. Recent measurements of cluster size in single and double GEM detectors however do not seem to support this theory, the average avalanche size increasing only by a small amount (20%) by the additional multiplication [48] . More work on the subject is certainly required.
The comfortable margin between the gain needed for full efficiency detection of fast particles (&2000) and the maximum gain before discharge in the double devices ('10) suggest that this recently introduced family of detectors is the most suited for reliable use in high rate experimental set-ups, with simultaneous presence of a high flux of relativistic charged particles to be detected, and of a considerable background of unwanted, highly ionizing events, as for example proton knock-off by neutrons conversions and production of nuclear fragments.
It should be mentioned that simulation studies show that alpha particles, as used in this work, give an optimistic view of the conditions to be met at LHC [50] . Under these circumstances, and pending a realistic test of the devices at the new collider, it is suggested that more experimental work and a careful analysis to the operational safety margins should be made before the adoption of a detector geometry for the experiments.
